Introduction
============

Photoacoustic (PA) imaging is a rapidly evolving technique based on the optical excitation of molecules by laser pulses resulting in thermoelastic waves that can be detected by ultrasound (US) receivers (for a concise review, please refer to Wang and Hu, Science, 2012[@B1]). As an improvement to traditional optical imaging, PA is able to detect light-absorbing molecules deep inside tissues with far superior resolution [@B1]. While various exogenous contrast agents are currently under development [@B2]-[@B4], PA can exploit excitable endogenous contrast such as hemoglobin to create images of living tissues [@B5]-[@B7].

Absorption spectra of hemoglobin differ with oxygenation and therefore offer the additional possibility of functional analysis [@B8]: Dual-wavelength PA can be used to separately measure tissue concentration of hemoglobin (HbO~2~) and deoxyhemoglobin (Hb) and as such to calculate focal tissue oxygen saturation [@B9],[@B10]. By imaging HbO~2~in blood vessels, three dimensional blood vasculature networks have been studied in superficial tissues such as subcutaneous xenografts, rodent ears, as well as endoscopically in rat intestine [@B9],[@B11],[@B12]. In the latter study, PA endoscopy was elegantly combined with endoscopic US, resulting in an intricate combination of anatomic and functional information [@B12].

Recent efforts have led to the successful combination of conventional US- and PA-systems that allow for concise co-registration and live overlay of high-resolution anatomical data from US (mechanical contrast) and PA data (optical contrast) [@B13]-[@B15]. Such systems facilitate unequivocal identification of anatomical structures and - depending on the selected PA wavelengths - functional information such as the degree of oxygenation.

Tissue hypoxia has been recognized as a hallmark of solid cancers and is frequently associated with poor prognosis and increased tumor aggressiveness [@B16],[@B17]. Therapeutic alterations of the oxygen levels in tumors and the tumor microenvironment are therefore promising approaches that are being translated into clinical application [@B18],[@B19].

Modern animal models of human cancers can mimic their human counterpart to an ever-increasing extent, fuelling optimism regarding preclinical assessment of novel therapeutics with high clinical predictability [@B20]-[@B22]. Accordingly, preclinical test facilities are being developed worldwide. As genetically engineered mouse models are labor- and cost-intensive, live-imaging modalities to follow tumor development longitudinally are urgently needed. Ideally, such imaging modalities combine information about tumor volume and anatomy with functional data.

With the emergence of PA, efforts were directed to image oxygenation levels *in vivo*. In pioneering studies, the group of Lihong Wang provided compelling proof-of-principle of hypoxia measurements in rodent brain tumors using spectral photoacoustic tomography (SPAT) [@B23],[@B24]. Intriguing images of oxygen saturation at high resolution were also presented by other groups in further experiments based on photoacoustic microscopy (PAM) [@B5]. The latter PA technique competes with e.g. multiphoton microscopy in terms of resolution, yet reaches constraints when in comes to imaging of internal organs in orthotopic models due to depth limitations [@B15]. Both approaches did not yet support co-registration with conventional US, while a comprehensive comparison with structural data, Doppler data, or intravenous contrast as a measure for perfusion would greatly contextualize PA measurements. An elegant approach in combining US with PA to measure hypoxia in subcutaneous tumors was pursued in a recent study by Shao et al., in which the authors utilized intravenously injected methylene blue as exogenous contrast [@B25].

The need for an exogenous contrast agent can be circumvented by the use of dual-wavelength PA. In the present study, we sought to address the feasibility of investigating tumor development and tumor oxygenation in a label-free approach with 3-dimensional PA imaging in parallel to conventional B-mode US. We provided evidence that this combined system can be used to reliably assess tissue oxygenation in murine organs while yielding structural information at high resolution. We subsequently used the system to assess hypoxia and tumor blood flow in murine models of pancreatic and colon cancer as examples of intra-abdominal tumors, and observed a positive correlation of PA data with immunohistochemical evidence of hypoxia.

Results
=======

Real-time photoacoustic imaging detects alterations in oxygen levels in murine organs
-------------------------------------------------------------------------------------

To test the ability of the PA system to detect oxygenation changes, mice anaesthetized with isoflurane (1.5% v/v) and supplied with medical air (21% v/v O~2~, 2L/min) underwent abdominal US with PA co-registration at dual wavelengths (**Figure [1](#F1){ref-type="fig"}, and**[Additional file 1](#SM1){ref-type="supplementary-material"}: **Suppl. video 1**). Baseline levels of oxygenation were assessed over 2 minutes. Thereafter, oxygen supply was increased to 100% v/v O~2~ (2L/min). Oxygenation levels were registered live over 8 minutes, before changing back to medical air. Liver parenchyma and the gastric wall were selected as regions of interest for PA imaging, and oxygen levels were plotted over time. PA imaging showed an increase of tissue oxygenation for both regions upon administration of pure oxygen, while this increase was more rapid and more pronounced for liver parenchyma than for the gastric wall. Adjusting to ambient air led to normalization of oxygen levels as assessed by PA imaging after an initial drop below starting levels.

Detection of tumor hypoxia in pancreatic isografts and murine colon cancer, and correlation with histologic assessment
----------------------------------------------------------------------------------------------------------------------

Next, we employed a syngeneic pancreatic cancer model based on injection of murine pancreatic adenocarcinoma cells (derived from the *[K]{.ul}ras^LSL-G12D/+^;[p]{.ul}53^R172H/+^;Pdx1-Cre*model [@B26]*,* hereafter referred to as KPC cells) subcutaneously and intrapancreatically. Two weeks post injection, tumors were scanned with PA and B-mode US in 3D. After image registration, pimonidazole was injected intraperitoneally for post-mortem immunohistochemical analysis of hypoxia [@B27].

KPC tumors at different stages were associated with different degrees of hypoxia. **Figure [2](#F2){ref-type="fig"}A-C**gives an example of a tumor with two separated hypoxic regions, which were identifiable on PA imaging. **Figure [2](#F2){ref-type="fig"}D-F**shows a PA example of a non-hypoxic smaller tumor with corresponding histology.

To validate the correlation between PA *in vivo* oxygen saturation measurements and pimonidazole staining, PA measurements were correlated with normalized linear quantifications of pimonidazole stainings in six mice bearing subcutaneous KPC tumors.

**Figure [2](#F2){ref-type="fig"}G** shows a significant linear relation between sO~2~ as measured with PA and staining intensity (r^2^=0.91, p = 0.0028).

Colon carcinoma was induced chemically by a single intraperitoneal administration of azoxymethane (AOM) followed by 3 cycles of dextran sulphate sodium (DSS) in drinking water, as described previously [@B28]. The colonic tumors were scanned in B-mode as well as with PA. PA imaging showed well-oxygenized tumors in this model, positively correlating with immunohistochemical assessment of corresponding pimonidazole staining (**Figure [3](#F3){ref-type="fig"}A-D**).

Photoacoustic imaging can be complemented by intravenous contrast to assess tumor perfusion
-------------------------------------------------------------------------------------------

From the previous experiments, the feasibility of real-time tissue hypoxia measurements was evident. Yet, PA measurements do not provide data on *in vivo* blood flow, which can be achieved by intravenous injection of US contrast medium. To complement PA analyses, we combined PA imaging with perfusion assessment through intravenously injected microbubbles [@B29]. First, B-mode and PA images were acquired. Subsequently, microbubbles were injected i.v., and contrast enhancement was followed over time. Regions appearing similar in PA depicted different contrast kinetics, thereby providing a simultaneous and concise picture of oxygenation, perfusion and anatomical structure (**Figure [4](#F4){ref-type="fig"} and**[Additional file 2](#SM2){ref-type="supplementary-material"}: **Suppl. Video 2**).

Discussion
==========

Major improvements in genetically engineered mice in combination with a diversity of emerging drug targets increase the need for preclinical imaging and longitudinal monitoring of treatment responses. Among the modalities used today are micro-computed tomography (μCT) applications, magnetic resonance imaging (MRI), positron-emission tomography (PET), optical imaging modalities, and small-animal US [@B30],[@B31]. PA imaging is complementary to this portfolio of modalities in that it can exploit endogenous contrast agents such as HbO~2~/Hb for non-invasive functional studies and offers the option of a combination with exogenous contrast agents [@B32].

Here, we present evidence that dual-wavelength-PA based on measurements of oxygenated and deoxygenated hemoglobin yields reliable real-time data of tissue oxygenation in mice and provide a positive correlation to histological analysis.

We first evaluated the feasibility of tissue saturation measurements by increasing inhaled oxygen saturation from ambient air (21% O~2~) to 100%, while monitoring saturation changes in real-time. As a proof of concept, supplying 100% O~2~ led to a clear and reproducible rise in tissue oxygen saturation as measured with PA, which decreased accordingly when O~2~ supply was changed back to ambient levels.

Using the system (at 21% O~2~) on s.c. pancreatic isografts in advanced stages demonstrated the ability of PA to assess tissue oxygenation in a murine tumor model. Other groups have used self-tailored PA devices to measure oxygenation in tumor tissue [@B5],[@B25] and were also able to show differences in tissue oxygenation in murine xenograft models, further advocating a role for PA to monitor functional aspects of tumorigenesis. In our study we could successfully correlate PA data with immunohistochemical hypoxia staining. In contrast to other recently published methods, dual-wavelength PA does not require exogenous contrast [@B25].

Oxygenation measurements with the described method rely on the presence of the endogenous chromophore, i.e. hemoglobin (Hb). Areas with low levels of vascularization translating to low Hb concentrations will appear black in our figures, indicating that the concentration of Hb does not suffice to make a recordable measurement of oxygenation, or, alternatively, Hb is not present at significant levels because the tissue is necrotic or poorly vascularized. Therefore, distinguishing low-perfusion hypoxic areas and necrotic areas is challenging. To address this problem, we used non-targeted, air-filled microbubbles as systemic contrast agent in order to complement PA oxygenation measurements. The combination of conventional US, color- and power-doppler, dual-wave PA, and microbubbles can thus concisely address a multitude of aspects of vascularization, blood-flow, and tissue oxygenation; as such, bimodal imaging with PA and US can be considered a "one-stop-shop" application for longitudinal real-time imaging of vascularization and provide useful information in pharmaceutical studies that target the tumor vasculature [@B15].

Further clinical applications of PA are conceivable and currently being actively pursued: e.g. assessment of tumor oxygenation through a combination of endoscopic ultrasound and PA [@B12], or imaging of melanoma invasion and metastasis by exploiting melanin as an endogenous contrast medium, to name just two important examples. Targeted exogenous contrast agents will greatly broaden the spectrum of clinical applications [@B33].

Taken together, we provide evidence for the feasibility of real-time dual-wavelength PA imaging of preclinical murine cancer models to assess tissue hypoxia.

Detailed Materials and Methods
==============================

Cells
-----

KPC cells were derived from the *[K]{.ul}ras^LSL-G12D/+^;[p]{.ul}53^R172H/+^;Pdx1-[C]{.ul}re* mouse model for human pancreatic ductal adenocarcinoma [@B26]. Cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM)/F12 (1:1 mixture) (Gibco Life Technologies Europe BV), supplemented with 10% fetal bovine serum (Gibco Life Technologies Europe BV), 100 U/ml penicillin, 100 mg/ml streptomycin (Gibco Life Technologies Europe BV), at 37°C and 5% CO~2~. Fibroblasts were generated from pancreata of 8 to 10 weeks old C57Bl/6J mice. Isolated pancreata were minced, incubated at 37°C in 3 ml HBSS (Gibco Life Technologies Europe BV) with 1 mg/ml CollagenaseP (Roche, Bromma, Sweden) for 40 minutes. 1 ml DNAse (1 mg/ml; Roche, Bromma, Sweden) was added, gently mixed and specimens were centrifuged. The cell pellet was washed once with HBSS, resuspended in DMEM/F12 (Gibco Life Technologies Europe BV) containing 10% fetal calf serum (FCS) plus antibiotics as above, and plated on 1% gelatin (VWR, Stockholm, Sweden) coated T75 cell culture flasks (TPP, Nordic biolabs, Sweden). The primary cultures were expanded four times before freezing in liquid nitrogen. Cells were thawed and cultured for two days before injection.

Animals, tumor inoculation and tumor induction
----------------------------------------------

Ethical permission for animal experiments was obtained from the local ethics committee (No. S89/12, S69/12, and S38/13, plus extensions). C57Bl/6J mice were obtained from Scanbur, Sweden, and used for all experiments at 6- 8 weeks of age.

Subcutaneous pancreatic tumor xenografts (n = 6, female) were established by s.c. injection of 2.5 x 10^5^ KPC cells mixed with 7.5 x10^5^murine fibroblasts in a total volume of 50ul phosphate buffered saline. Two weeks after tumor inoculation, mice were scanned using high-frequency US as described below.

For intrapancreatic tumor injections, mice (n = 3, female) were anesthetized via intra-peritoneal injection of Ketamine 80 mg/kg and Xylazine 8 mg/kg. Abdominal hair was removed (Aesculap Exacta rodent shaver, Agnthos, Sweden) followed by skin disinfection with Jodopax-Vet diluted 1:25 in deionized water, over the left flank. Anesthetized mice were placed on a heating pad (40°C) during the remainder of the procedure until post-operative awakening. A left subcostal incision was made, and the pancreas and the spleen were gently exteriorized. Then, 1 x 10^6^ KPC cells suspended in in a total volume of 50ul phosphate buffered saline were orthotopically injected into the pancreatic tail using a 26 gauge needle (0.45 x 10 mm) (Becton Dickinson Medical, Sweden). After injection, the needle was kept in position for 10s before being slowly removed. The pancreas and the spleen were returned into the abdomen, and the wound was closed using interrupted 6-0 sutures (absorbable synthetic, Ethicon, LLC, Agnthos, Sweden). Mice received pain relief with buprenorphine at 0.06 mg/kg for three consecutive days and 500 µl saline to restore the fluid balance, both s.c.. Eleven days after tumor inoculation, mice were scanned as described below.

For the model of colitis-associated cancer, azoxymethane was injected i.p. (12.5 mg/kg, Sigma-Aldrich) at day 0, followed by 3 cycles of 2% dextran sulphate sodium in drinking water (TdB consultancy, Uppsala, Sweden) for 5 days, with the first cycle starting at day 5, followed by 14 days intervals with regular drinking water [@B34]. Mice were imaged one week after the third course of DSS (n = 6 mice).

High-frequency ultrasound and photoacoustic imaging
---------------------------------------------------

All US and PA scanning was performed on a VisualSonics Vevo 2100 LAZR Imaging Station (VisualSonics, Inc., Toronto, Canada) [@B15]. Mice were anesthetized using 1.5% isoflurane with medical air at a flow of 2 L/min. Hair was removed over areas of interest using a depilatory cream. US gel (Parker Laboratories Inc., USA) was applied over the region of interest. For transcutaneous colon cancer imaging, the murine colonic lumen was gently inflated with US gel. During image acquisition, ECG, respiration, blood pressure, and body temperature were monitored, and anesthesia depth adjusted if necessary.

To collect anatomical information at high resolution, B-mode imaging was acquired using a high-frequency ultrasound probe (MS550D, VisualSonics, Canada, broadband frequency: 22 MHz - 55MHz, image axial resolution: 40 um) at 40 MHz. A previously published manual was used for anatomical reference in pancreatic imaging [@B35].

Blood flow in small blood vessels was imaged using Power-Doppler mode at 16 MHz, 100% power, using an LZ250 transducer (VisualSonics, Canada, broadband frequency: 13MHz - 24MHz,image axial resolution: 75 μm; data not shown).

During PA imaging, a tunable laser (680-970 nm) was used as described previously [@B15]. Pulse-to-pulse energy fluctuation was continuously monitored, and variations exceeding 25% lead to recalibration of the system before further imaging. Oxygen saturation and hemoglobin concentration were measured at 21 MHz frequency (LZ250, VisualSonics, Canada). In Oxy-Hemo mode, PA dual-wavelength imaging at 750 and 850 nm creates images of oxygenated hemoglobin and deoxygenated hemoglobin, which are co-registered with grey scale B-mode imaging (detailed description of algorithms in [@B15]). Within a region of interest (ROI), oxygen saturation (SO~2~%) was calculated as the percentage of oxygenated hemoglobin in total hemoglobin. Quantification of total hemoglobin and oxygen saturation were achieved using the HemoMeaZure™ tool (VisualSonics, Canada) and OxyZated™ tool (VisualSonics, Canada), respectively. Low total Hb levels (e.g. in areas with low perfusion and absence of big vessels) result in noise-relatedly unreliable saturation measurements. As a means of noise-control, the system used offers the possibility to discard levels below a defined threshold of total Hb in relation to the maximum possibly level. This threshold was set to 20% for all experiments as this was found to represent an empirically reasonable value. All spots below the threshold will appear black in all images.

Nonlinear contrast imaging was acquired using the LZ250 transducer at a frequency of 18 MHz, power of 4%, and a contrast gain of 25 dB, immediately after an intravenous bolus injection of 50 μL non-targeted microbubbles (VevoMicroMarker Contrast Agent, VisualSonics, Canada) at the concentration of 2x10^9^/ml [@B36]. A cine loop was recorded at a frame rate of 15/sec. Tumor perfusion and peak enhancement at different ROIs were quantified with VevoCQ™ Software (VisualSonics, Canada), as described previously [@B37].

3D-mode imaging was acquired via a 3D acquisition motor scanned along the vertical axis. 3D volumetric data was generated by integration of multiple two-dimensional US images (z-axis step size of 0.5 mm).

Immunohistochemistry and quantification
---------------------------------------

To visualize hypoxic areas by immunohistochemistry, a commercially available hypoxyprobe kit (Hypoxyprobe^™^-1 Omni, Hypoxyprobe, Inc, USA) was utilized as previously described [@B38]. Briefly, pimonidazole was intraperitoneally injected at a dose of 60 mg/kg body weight 1 h before the mice were euthanized. Tumors were harvested, fixed in 4% formaldehyde overnight, and processed for paraffin sectioning. Immunohistochemistry staining against pimonidazole protein adducts was performed using VECTASTAIN ABC kit (Vector laboratories, USA) according to the manufacturer\'s protocol. Briefly, deparaffinized tissue sections were incubated with 0.3% H~2~O~2~ for 30 minutes to block endogenous peroxidase activity. The tissue sections were then incubated in diluted normal goat serum for 1 h to block non-specific binding sites. The rabbit anti-pimonidazole antibody (Hypoxyprobe, Inc, USA, 1:100) was applied overnight at 4 °C. After three times washing with Tris-Buffered Saline Tween-20, slides were incubated with the secondary antibody, biotinylated goat anti-rabbit IgG (Vector laboratories, USA, 1:200) for 1 h at room temperature. After incubation with VECTASTAIN ABC Reagent for 30 minutes, hypoxia staining was developed by DAB substrate (Vector laboratories, USA) and nuclei were counterstained by hematoxylin. ImageJ software (v 1.46r, U.S. National Institutes of Health, Bethesda, MD, USA) was used to quantify brown color intensity over bright field microscopic images. Intensity histograms of pimonidazole were acquired with ImageJ from whole tumors corresponding to areas measured with PA. Histogram values were averaged and intensities over the dataset were normalized to correspond to relative intensities ranging from 0 to 100 (separately for each dataset in **figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}**). Data were analyzed together with corresponding saturation values of PA measurements using GraphPad Prism v5.01 (La Jolla, CA, USA).
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![**Oxygen saturation in liver parenchyma and stomach wall during changes of oxygen supply.** A) Relative sO~2~ (oxygen saturation) in liver parenchyma and stomach wall. Oxygen saturation is calculated as the percentage of oxygenated hemoglobin relative to total hemoglobin based on dual-wavelength PA imaging at 750 nm/850 nm. Gas supply was changed from air to 100% O~2~ at 2.8 minutes, from 100% O~2~back to air at 11.5 minutes. B) Representative Oxy-Hemo photoacoustic images co-registered with greyscale B-mode images at 2.8, 7.25, 12.5 minutes. The heat map represents oxygen saturation levels ranging from 100% (red) to 0% (dark blue). Black pixels equal the absence of signal above a defined threshold of 20% of maximum (see methods). Oxygen saturation is calculated as the percentage of oxygenated hemoglobin in relation to total hemoglobin.](thnov04p0604g001){#F1}

![**Assessment of tumor hypoxia in subcutaneous pancreatic tumor xenografts.** A) Representative Oxy-Hemo PA image of a hypoxic s.c. tumor. B-mode image (left panel) and oxygen saturation map (Oxy-Hemo PA imaging, right panel) are placed side-by-side showing the same imaging window. The heat map represents oxygen saturation level, ranging from 100% (red) to 0% (dark blue). Spots below the defined threshold of total Hb (20% of the maximum intensity) are black (see methods). The yellow line represents the tumor region. B) Representative hypoxia staining (brown color) of the same s.c. tumor. The black line represents the tumor region. C) Representative H&E staining of the hypoxic s.c. tumor displayed in Figure [2](#F2){ref-type="fig"}A. D) Representative Oxy-Hemo PA image of a non-hypoxic s.c. tumor. B-mode image and oxygen saturation map (Oxy-Hemo photoacoustic image is placed in the right panel showing the same imaging window). The heat map is as above. The yellow line represents the tumor region. E) Representative pimonidazole staining of the non-hypoxic s.c. tumor, which accordingly lacks brown staining, imaged in Figure [2](#F2){ref-type="fig"}D. The black line represents the tumor region. F) Representative H&E staining of the same non-hypoxic s.c. tumor. G) Graphical representation of linear regression analysis from PA-based sO~2~ measurements and corresponding pimonidazole staining intensities. Pimonidazole intensities were normalized with the highest value in the data set adjusted to 100 and the lowest intensity set to 0. Confidence bands for the 95%-confidence interval are shown (dotted lines).](thnov04p0604g002){#F2}

![**Oxygen saturation in a murine colon tumor.** A) Representative Oxy-Hemo photoacoustic imaging of an oxygenized colon tumor. B-mode image overlaid with a PA-derived oxygen saturation map as in figure [2](#F2){ref-type="fig"}. The yellow line represents the tumor region. B) Cross-view 3-dimensional representation of the same tumor, plains indicated in yellow, light blue, and red. C) Representative pimonidazole staining of the same oxygenized colorectal tumor as imaged in Figure [3](#F3){ref-type="fig"}A. D) Graphical representation of linear regression analysis from PA-based sO~2~ measurements and corresponding pimonidazole staining intensities. Pimonidazole intensities were normalized within the dataset as in figure [2](#F2){ref-type="fig"}. Confidence bands for the 95%-confidence interval are shown (dotted lines). Red dots represent tumor regions, blue dots represent adjacent non-tumorous regions.](thnov04p0604g003){#F3}

![**Oxygen saturation and tumor perfusion kinetics in a heterogeneous orthotopic pancreatic tumor.** A) Representative Oxy-Hemo PA imaging of a heterogeneous orthotopic pancreatic cancer. B-mode image and oxygen saturation map (Oxy-Hemo photoacoustic imaging) are placed side-by-side showing the same imaging window. PA-derived oxygen saturation map is displayed as in figure [2](#F2){ref-type="fig"}. The green and yellow lines represent different tumor regions. Average O~2~ saturation levels are presented above the tumor regions in green and yellow, respectively. B) Microbubble wash-in curve of different tumor regions after bolus i.v. injection of microbubbles. C) Peak enhancement quantified by Vevo CQ^TM^. The heat map represents contrast signal peak enhancement, range from 30 (red) to 10 (blue) dB. A higher tumor perfusion is observed in region 1 compared to region 2.](thnov04p0604g004){#F4}
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